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ABSTRACT

EMERGENT PROPERTIES OF THE TRANSPORT OF SAND

Eric Lenhart
Department of Physics and Astronomy
Bachelor of Science

In the interest of drawing conclusions about Aeolian environments based on remote
imaging, we investigated how air flow forms self-organizing patterns, such as ripples,
across loose particulate surfaces. Specifically, we analyzed various models of sand
transport, particularly Nishimori’s model, to note the effects of altering various
parameters, including wind direction, saltation length, diffusion, and a saltation
proportionality constant. As a measure of the frustration of the emergent patterns, Yjunctions were counted at various values of the parameters. A strong correlation with the
saltation proportionality constant and no correlation with the saltation height were found.
As an additional use of the model, terrestrial gravel ripples in the Lut Desert, Iran were
measured, with an average length of 50.0 m and a right-skewed distribution found. For
these gravel ripples, particle movement has a larger dependence on initial height than for
smaller, more common sand ripples.
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Chapter 1

Introduction

1.1 Motivation
The overarching goal of my research is to understand aeolian processes on the basis
of remotely sensed patterns. For example, pictures of sand on Mars sent by a rover can be
analyzed to understand aspects of the environment, such as the dominant wind direction
and available materials. Areas of potential application of this study range from methane
sand dune formation on Pluto to desertification on Earth.
Additionally, the processes that formed certain morphologies (such as megaripples)
are yet to be fully understood. Any data that we can obtain about these features may help
us understand the mechanisms that led to their formation. Understanding how these
features formed may shed light on the geological history of the area.

In this thesis I will, however, concentrate on self-organizing morphologies.
Specifically, I will examine how sand ripples form according to a model developed by
Nishimori, and how megaripples in the Lut Desert are organized. The former question is
theoretical and computational, while the latter is observational and statistical.

1.2 Background
1.2.1 Sand Movement
To understand how sand moves, we will first consider the forces acting on a single
particle of sand. Gravity pulls the sand downward and is opposed by the normal force.
Wind propels sand grains in a particular direction, forming the familiar wave patterns like
ripples and dunes. Additionally, the inelastic collisions of sand particles can set off chain
reactions of motion that may continue even after the wind force subsides. But the force
that makes particulate matter interesting is the interparticle forces. These forces, which
include static friction, allow sand to build up a slope, and also cause larger particles to
remain stationary until the wind reaches a certain threshold velocity.
Several mechanisms can cause sand movement: saltation, suspension, reptation,
creep, and granular convection. For an illustration of these mechanisms, see Fig. 1.1.
Saltation refers to a small leap that a particle makes—usually a few centimeters. This can
occur either due to the wind velocity exceeding a threshold of motion or to particles
colliding against each other in a chain reaction started by wind. Suspension occurs as the
smallest particles are carried large distances through air. Reptation occurs when
(generally larger) particles move across the surface due to wind forces—either directly or
indirectly via particle collisions.
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The final two processes, creep and granular convection, are driven primarily by
the force of gravity. Creep is often defined to include reptation, but for our purposes, it
will be defined exclusively as sand movement at or near the surface due to gravity.
Finally, granular convection, is the process by which smaller particles sieve downward,
forcing the larger particles upward. Of all the processes, this is the most difficult to model
precisely, but for our purposes, it means that larger particles end up near the surface over
time.

Figure 1.1 An illustration of the various mechanisms of sand transport, as detailed above.
Created in Microsoft Publisher.

1.2.2 Ripples and Dunes
Sand ripples are wave patterns generally between a few millimeters to a few
meters in wavelength. Certain sand transportation mechanisms help explain how sand
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ripples form. Specifically, saltation is the dominant formation mechanism for ripples. In
computational models, saltation and creep alone have been shown to explain most of the
wave pattern [1]. An exception is the apex—the crestline formed due to static frictional
forces.
Dunes similarly form as a combination of various sand transport mechanisms.
While the wavelength of ripples is near the average saltation length, the saltation length is
not as relevant to the spacing of dunes. For dunes to form, an initially flat area of sand
must experience a large enough disruption in sand height. This can set off a chain
reaction of sand deposition and erosion, which can ultimately disrupt the entire
surrounding area, forming a dune field. Another important difference from ripples is
dunes’ much greater relative height. Because of this, the importance of gravity, and
therefore creep, is augmented. Another phenomenon observed in single dunes is that
some of them have a crescent shape and are referred to as barchans. This type of dune has
tails at each end, which reach a much lower height than the rest of the dune, and which
arc into the direction toward which the wind blows. These will be relevant in Sec. 3.2.2.2.
Aside from large dunes and small ripples, other sand morphologies exist, whose
formation mechanisms are less understood. One such uncategorizable landform is a
Transverse Aeolian Ridge (TAR) observed on Mars. These have been shown to have
statistical similarity to megaripples in the Lut Desert of Iran. For more discussion on this,
see Sec. 3.2.2.2
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1.2.3 Computational Models
Various computational models of sand transport have been developed, such as
Nishimori’s model [1], the Werner Model [2], and the Navier-Stokes Equations. All these
models use basic physical equations to show the movement of sand particles across a
spatial matrix in a given time step. The strengths and limitations of each model are
summarized in Table 1.1.
In brief summary of each model, Nishimori’s model gives the best results for
ripples, in part because it models saltation accurately. The Werner Model demonstrates
clearly the chain reaction of sand particles but lacks the precision to help us examine our
questions. Navier-Stokes equations work best when the particles are non-compressible
and essentially smooth; therefore, these equations are highly accurate for waves on the
surface of water, for example, but don’t take into account the static frictional forces
among loose solid particles. As described in Chapter 2, Nishimori’s model was primarily
used in this research.
Table 1.1 A description of the various models of sand transport.
Key Process Modeled

Strength

Weakness

Nishimori’s Model

saltation, creep

simplicity, accuracy

dunes

Werner Model

saltation

modeling individual
particles

lack of precision, long
run time

Navier-Stokes
Equations

flow

excellent accuracy of
continuous flow

no accounting of
friction between
particles
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1.2.4 Emergence
While analyzing forces and transportation mechanisms is the best bottom-up
approach to understanding sand transport, it is insightful to also take a top-down
approach by examining the properties of emergence in sand transport. Emergent
phenomena are a bridge between organization and chaos. The components of an emergent
system follow deterministic rules to form unpredictable but orderly patterns. Examples
include bird flocks, snowflakes, and sand ripples.
The processes that drive emergence can be divided into two categories: consensus
and frustration. Consensus is the collection of processes by which a system becomes
ordered. Frustration is the collection of processes by which a system becomes disordered.
Y-junctions (or bifurcations) in ripple patterns may serve as a symptom of frustration.
Previously at Brigham Young University (BYU), work has been done on
emergent phenomena. Specifically, extensive work has been done studying “boids,”
which are simple mathematical constructs modelling the flocking behavior of birds such
as starlings [3].

1.3 Overview
Hypothetically, all wave patterns on loose particulate surfaces can be understood
using the basic mechanisms of sand transport. In this research, we use Nishimori’s model
to study a few particular cases and to examine the properties of emergence in the ripple
system. Additionally, we model and empirically analyze megaripples.
The main question driving this research is how the various physical parameters of
sand transport affect the emergent patterns of the sand ripples. We primarily asked
6

questions about the sources of frustration for the model. For instance, what (other than
irregularities in the landscape) could cause disruptions in otherwise perfect ripple patterns?
At what point does the frustration overpower the consensus to the point that no
recognizable ripple patterns form? To understand these phenomena, Nishimori’s model
was primarily used. Finally, we sought to understand the formation mechanisms behind
megaripples. Data about the megaripples in Lut Desert, Iran were used.
In Chapter 2, we will discuss the methods used to approach these questions. These
include varying the parameters of Nishimori’s model and counting Y junctions from the
resulting images, as well as measuring the lengths of actual megaripples in the Lut Desert,
Iran. In Chapter 3, we will discuss the results and analyze their significance. This will
include qualifying the link between emergent patterns and parameters of Nishimori’s
model, as well as analyzing the distribution of megaripple lengths.
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Chapter 2

Methods

This chapter contains information regarding the model of sand transport examined,
how distinctive ripple patterns were simulated, how ripple patterns were measured for
frustration, and how megaripples were studied.

2.1 The Model
Nishimori’s model incorporates several parameters to simulate saltation and
creep of loose particles. Rather than correlating with specific physical quantities, these
parameters are ad hoc, and are in turn a function of physical quantities such as wind
speed, particle mass, and air viscosity. These parameters form the basis of our
experimentation. The model is based on the following equations:
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(1) ℎ𝑛′ (𝑥, 𝑦) = ℎ𝑛 (𝑥, 𝑦) − 𝑞
(2) ℎ𝑛′ (𝑥 + 𝐿(ℎ𝑛 (𝑥, 𝑦)), 𝑦) = ℎ𝑛 (𝑥 + 𝐿(ℎ𝑛 (𝑥, 𝑦)), 𝑦) + 𝑞
1
1
(3) ℎ𝑛+1 (𝑥, 𝑦) = ℎ𝑛′ (𝑥, 𝑦) + 𝐷 ∗ [ ∗ ∑ ℎ𝑛′ (𝑥, 𝑦) +
∗ ∑ ℎ𝑛′ (𝑥, 𝑦) − ℎ𝑛′ (𝑥, 𝑦)]
6
12
𝑛𝑛

𝑛𝑛𝑛

(4) 𝐿(ℎ𝑛 (𝑥, 𝑦)) = 𝐿0 + 𝑏 ∗ ℎ𝑛 (𝑥, 𝑦)
Equations (1) and (2) model saltation (the deposition and depletion of sand,
respectively), while Equation (3) models creep. Equation (4) determines L, a term of
Equation (2). The different parameters L0, q, b, and D are described in detail in the
subsections below. See Appendix for the MATLAB program incorporating these
equations.
More specifically, these four equations are applied to a two-dimensional
matrix of sand heights which evolves over discrete intervals of time. The value of each
cell on the matrix is specified as h(x,y). In all our experimental runs, we began by
assigning each cell of the matrix with an individual random value between zero and
one. We then proceeded to apply each equation to all values of the matrix once in each
time step, until a chosen end time was reached—usually on the scale of 1 000 time
steps.
In fact, each time step was two half time steps. By the end of the first half time
step, the saltation was completed. This moment in time is labeled n’ in the equations.
By the end of the second half time step, the creep was completed. This moment in
time is labeled n+1 in the equations.
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2.1.1 Parameter L0: Saltation Length
To begin with, parameter L0 describes the base saltation length. This is a
function of many physical properties of the system: the mass of the particles, the
acceleration due to gravity, and the average force of the wind, especially. Of the three,
wind force is the most difficult to predict. If an area is observed closely but remotely,
such as by a rover on Mars or from a distance on Earth, the properties of the particles,
the gravitational acceleration and the average saltation length are much easier to
approximate.

2.1.2 Parameter q: Saltation Amount
The other parameter critical to determining saltation for the simulation is
parameter q, the saltation height. This is a measure of the amount of sand saltated in a
given time step and is determined by such properties as density of the atmosphere and
interparticle attractive forces. The saltation amount could potentially be as high as the
amplitude of the ripples, although that would be physically unrealistic. Generally, q
was set at less than a tenth of the mean ripple amplitude.

2.1.3 Parameter b: Saltation Proportionality Constant
The parameter assigned the name b describes the saltation height
proportionality constant. This parameter determines the degree of variation in the
saltation distance for the particles as a function of height. In other words, for higher
values of b there will be a higher ratio between the saltation distances of particles
starting high on a ripple to the saltation distances of particles starting low on a ripple.
This parameter varies greatly between ripples and dunes.
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In more detailed simulations, aerodynamic models have shown that the
velocity of the wind is, indeed, greater at points higher up on the ripple [4]. If wind
velocity is higher, wind force is higher, so saltation distance presumably is as well. A
linear approximation of this differential is not terribly inaccurate.

2.1.4 Parameter D: Diffusion Constant
Parameter D describes the diffusion constant. The higher D is, the more
sensitive creep is to differences in sand height. These height differences are
determined for a certain number of neighbours to a given point. The label nn in the
equation refers to nearest neighbours, the adjacent cells in each of four directions. The
label nnn in the equation refers to next-nearest neighbours, the four cells diagonally
bordering the cell in question.
Equation (3) is derived from the general diffusion equation where D is held
constant. Therefore, the change in height as a function of time for a given location is
simply proportional to the Laplacian of the height. Because the Laplacian is a second
derivative with respect to position, it scales as 1/l2, where l is the length step—in our
case, the distance between two adjacent points in our matrix. So, in our twodimensional grid model, the points neighbouring diagonally are a distance of √2𝑙 apart.
(See Fig. 2.1.) Therefore, in the Laplacian, they are proportional by 1/(√2𝑙)2 = (1/2)
(1/l2). This explains why, in Eq. (3), one term (for adjacent neighbours) is multiplied
by 1/6, while the other term (for diagonal neighbours) is multiplied by half that, 1/12.
The rest of the proportionality is determined by constant D.
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Figure 2.1 The distance between the center of any cell (grey) and the center of its
nearest neighbours (light green) or next-nearest neighbours (dark green) is visually
displayed.
Realistically, sand tends to take time to diffuse because static friction between
particles can maintain a sloped surface. When this slope exceeds the sand’s angle of
repose, it will certainly diffuse; even below the angle of repose, creep may occur due
to wind forces and gravity combined.

2.1.5 Other Choices
Other parameters included in the model were the number of pixels on each side
of our matrix; a seed to generate the random layout of our initial sand heights; and θ,
the direction of the saltation. All these parameters could be modified to verify that the
patterns were formed by more than merely an odd mathematical coincidence.
Additional choices made in our version of Nishimori’s model include periodic
boundary conditions and, in some models, a hyperbolic tangent term to approximate
the cusp of the ripples. Periodic boundary conditions allowed for the simulation of
unlimited sand. These were modeled in MATLAB using a modulus function to
effectively make sand that had disappeared off one edge of the matrix to reappear on
the opposite edge. The hyperbolic tangent term as a function of height is sometimes
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used by Nishimori to simulate the angle of repose of 33° for a loose particulate surface
[1]. The effect of the shape of the cusp on the overall wave pattern was negligible for
the ripple model.

2.1.6 Code Verification
While many effects from modifying the variables could only be seen after
running the program, the results of running the model using particular values could be
clearly predicted. These served as one form of verification of the code. For example, at
a large value of D, the random surface would flatten before ripples could even form.
The wind direction, θ, varied along with the general direction of the resulting ripples,
as expected.

2.2 Distinctive Patterns
One way we used Nishimori’s model was to examine the patterns formed by
binary distribution of parameters. What is meant by a binary distribution is using two
specific values for a given parameter, mixed together in time, space, or both. When
Nishimori’s model was used with certain binary distributions of parameters, results
corresponding to certain empirical phenomena, including interesting cases of
wavelength and wave direction, sometimes occurred. These results may help us to
understand the underlying mechanisms behind the phenomena of interest.
To begin with, two or more wavelengths of ripples sometimes coexist across a
sand surface. This may occur for various possible reasons. One explanation is shifting
wind speeds. Another is that two distinct sizes of particles cause the disparity of
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wavelengths. We will attempt to differentiate between these mechanistic causes that
manifest similar wave forms.
Another interesting phenomenon is the coexistence of ripple patterns in two
different directions. Naturally, this must be due to two wind directions. But questions
remain as to what additional conditions must be met for the wave pattern to exist. If
the wind shifts direction suddenly, how long will the old pattern exist before being
replaced by the new one? Based on pattern alone, including cross-cutting and overlaps,
is it possible to conclude which wind direction was the original?

2.2.1 Overlain Wavelengths
One question we asked at the beginning of our studies was how the dominant
mode of wavelength was determined. It may have been possible that multiple modes
existed simultaneously and combined into the final observed mode. This may, in fact,
have some truth in dunes, but in our observations in ripples, a single saltation length
appears to be what produces a single mode.
The saltation length of a particle is directly proportional to its mass [4]. In varying
conditions of gravity, atmospheric pressure, and even temperature, this becomes more
complicated. But in any particular set of conditions, the greater the mass of a particle, the
farther it will saltate in a given system. This is because saltation occurs just below the
threshold velocity of a particle. Since larger particles experience larger static frictional
forces, they require larger wind forces to be initially saltated. The chain reaction of nearinelastic collisions of particles can also cause this saltation. In that case, particles can
cause other particles smaller than themselves to saltate, but not other particles that are
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larger. In either case, the average saltation length of larger particles is larger, because the
wind speeds at which they saltate is larger.
Empirical evidence has shown that two distinct particle compositions may be the
cause of two distinct wavelengths. We observed this phenomenon near Pahvant Butte,
Utah. While most sand is composed of silicates, due to the durability of quartz, the region
has additional sand-sized particles formed from the basaltic magma that erupted from
Pahvant Butte approximately 15 000 years ago. Additionally, granular convection causes
these large cinder sands to rise to the surface. Thus, higher mass—and higher ripple
wavelength—particles are observed on top of the smaller mass—and smaller ripple
wavelength—particles. If the higher mass particles are abundant enough, this may create
walls, confining in the smaller particles and smaller wavelength patterns into discrete
regions.

2.2.2 Interlaid Wave Directions
Using our computational model, we were able to observe how quickly one wave
direction morphed into another as wind direction (parameter θ) changed. One question we
considered was how the wind direction as a function of time affected the pattern observed.
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Figure 2.2 Interlaid ripple directions observed in Death Valley, California. Photo Credit:
Jonathon Sevy

Figure 2.3 Ripple patterns at a point in time after abruptly switching wind direction by
30º. The two directions are indicated (approximately) by the arrows to the right.
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Figure 2.4 The equilibrium of ripple patterns when the wind direction was altered by 30º
repeatedly.
One question we asked during our research was how the ripple patterns shown in
Fig. 2.2 could have formed. To answer this, we used Nishimori’s model (see Sec. 2.1)
with the usual parameters (see Sec. 3.1) but with some form of a binary distribution of
wind speeds. For Fig. 2.3, parameter θ was changed once, near the end of the
experimental run. For Fig. 2.4, parameter θ was changed once every twenty time steps to
model variable wind direction.
Observationally, we can see that two distinct wind directions cause the pattern seen
in Fig. 2.2. The question remains as to whether this is an equilibrium position the ripples
reached due to two alternating wind directions (caused by the morphology of the dunes,
for example) or whether this state is simply a transition between two patterns as the wind
changed directions. As seen in Fig. 2.3 and 2.4, both conditions could form recognizable
ripples in two directions.
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2.1

2.3 Emergent Properties of Sand Ripples
2.3.1 How ripples demonstrate emergence
The patterns in Nishimori’s model can also help develop an understanding of
emergent, or self-organizing, behavior. This is because ripples form as a function of
surrounding ripples—they are “aware,” in a sense, of the sand nearby. If only consensus
forces exist, the resulting pattern will be perfectly straight, parallel ripples. In an
otherwise perfect wave pattern, Y- junctions can serve as a proxy for the level of residual
disorder. After the model reaches equilibrium, the frequency of these junctions may,
therefore, help determine the level of frustration in the system.
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2.3.2 Defining Y junctions

Figure 2.5. Example of Nishimori’s Model. Note the Y-junctions. One was circled for
emphasis. The rectangle is an example of a discontinuity counted as one Y-junction for
statistical purposes.
In order to statistically analyze the number of Y-junctions present under given
circumstances, I counted Y-junctions after 500 time steps in randomly selected runs of
the simulation. In order to limit ambiguity, I counted Y-junctions not in terms of
individual regions of juncture, but in terms of an event when the number of ripples in a
row changes.
For example, a common interruption of the consensus pattern was a narrow area
stretching in the wind direction. This area was at a height partway between the crest and

19

the trough of the ripples. The number of ripples on one side of this area was usually one
more than that on the other side, so this was counted as one Y-junction (see the red
rectangle in Fig. 2.5). This is because only one row was “lost” moving from left to right.
In terms of frustration of the model, this is the equivalent of one Y-junction because it is
caused by only one interruption of the mode, which is then extended in the direction of
wind due to saltation.
Additionally, there may be ambiguity surrounding the difference between a ripple
and the area between ripples, known as the interripple. Generally, anything above the
amplitude of the original ripple (in all experimental cases, one length unit) was counted
as belonging to the ripple, and anything less was considered part of the interripple.
Particular cases still had some ambiguity, but these rules limited the amount.

2.4 Megaripples of the Lut Desert
As discussed in Sec. 1.3.3, the mechanisms that form large ripples, such as those
in the Lut Desert, are not well understood. Using Nishimori’s model to analyze these
megaripples may shed light on the underlying mechanisms.
To obtain data about the megaripples, I used Google Earth to blindly select a
region in the Lut Desert megaripple fields that appeared to represent the megaripple fields
as a whole. This process involved narrowing the field to areas without interruptions in the
megaripples (such as barren patches), and randomly selecting the area from this
undisturbed region. The chosen area covered approximately 0.20 km2 at a location of 58°
43’ 47” E and 30° 33’ 40” N, as shown in Fig. 2.6.
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Within the area selected, I measured every apparent megaripple using Google
Earth’s measuring tool. This tool measures distance in single, straight line segments. I
then approximated the distance of a curve as the sum of selected straight-line segments,
as they generally have low sinuosity. I generally used two or three segments, and no more
than ten for any given megaripple. A total of 267 megaripples were counted in the region
in question, ranging from 3.59 meters to 192.59 meters in length. The shortest
megaripples may have passed undetected, but it is highly unlikely that any above ten
meters in length went unrecorded. All megaripples that are even partially visible within
the area investigated were recorded.
N

Figure 2.6 The area of the Lut Desert investigated for megaripples
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The purpose of these measurements was to add to the known data about these
megaripples and to reach a better understanding of their mechanism of formation. See
Sec. 3.1.3 for results.
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Chapter 3

Results and Conclusions

Using the data collected in Chapter 2, we now analyze the results in order to draw
conclusions about the forces driving the movement of loose particles. Specifically, we
will analyze (1) the measurements of Y junctions in order to draw conclusions about the
role of certain parameters of sand transport in determining the overall emergent patterns,
and (2) the distribution of the lengths of megaripples to shed light on the processes that
created these particular emergent patterns. Subdivisions of this chapter include an
enumeration of the results, a discussion of what they could mean, conclusions, and areas
of potential future work.
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3.1 Results
3.1.1 Counting Y Junctions
As a measure of how much each parameter affected frustration, the number of Y
junctions were counted at the end of each of sixteen simulations. We were interested in
parameter b, which describes the difference between saltation distances as a function of
initial height, and parameter q, which describes the amount of sand saltated in a given
time step. (See Sec. 2.1 for the equations used.) The other parameters of Nishimori’s
model remained constant: L, or the base saltation length, at 10; θ, or the saltation angle, at
0.35*(π/2); and d, or the constant of diffusivity, at 0.05. I ran eight replications of each
simulation, changing only the random seed between each replication. Additionally, I used
the same eight random seeds for each set of parameters to minimize the unlikely chance
of a random surface with unusual properties.
Efforts were made to maintain the scientific integrity of this experiment despite
the significant human factor in judging what does and does not qualify as a Y-junction.
For example, when there was ambiguity as to whether a form counted as a junction or not,
I used a probe in MATLAB to determine the exact height at the point of possible junction,
and counted it as a junction if and only if it was at least half the height of the ripple. I also
performed the counting with a degree of blindness: specifically, I saved all the images at
both values of parameter q without examining them, and only afterward looked at each
image without knowing which experimental run it represented.
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3.1.2 Parameter b: Saltation Proportionality
One of the questions we examined was how parameter b, or the saltation
proportionality constant, correlated with the level of frustration of the emergent ripples.
This first question turned out to have a straightforward answer: with only relatively small
increases in b, the level of frustration of the model clearly increased.
In particular, parameter b regulates how far any given particle moves in a time
frame: the higher the parameter is, then the more a particle saltates as a function of height.
Therefore, a high parameter b means that a particle at a great initial height will move
much more, while a particle at a low initial height will move slightly more. Depending on
the interpretation of the model, “moving more” could mean the particle (1) moves a
greater distance, (2) moves more often, or (3) is more likely to move. From a holistic
perspective, all three processes are effectively the same.
The results obtained by varying parameter b are displayed in Fig. 3.1. Clearly, as
the parameter b progressively increases, the level of frustration in the emergent pattern
increases as well. While a pattern with no frustration would show exactly parallel ripples
with no intersection, in these three images, we can observe the ripples progressively
becoming less parallel and intersecting more with one another, nearly to the point of
incoherence.
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Figure 3.1a b = 1

Figure 3.1b b = 5

Figure 3.1c b = 15

Figure 3.1 Images 2a-c demonstrate the effect of increasing parameter b alone. What
start as long, continuous striations slowly break apart into smaller, broken and curved
portions as the parameter b is increased. No other parameters change between the
simulations.

3.1.3 Parameter q: Saltation Height, or Flux
The results of varying parameter q—the saltation height, or amount of sand
saltated in a given time frame, for the model—tell a different story. My hypothesis had
been that the amount of sand saltated would positively correlate with level of frustration.
As it turns out, however, the frequency of Y junctions showed little correlation with the
value of parameter q. As seen in Table 3.1, even between q0=0.04 and 2*q0=0.08, the
difference between the mean number of Y junctions counted is much less than one
standard deviation.
Table 3.1 The number of Y junctions counted for two values of 𝑞0 . Even with 𝑞0 doubled,
the mean number of junctions found didn’t change significantly.

Number of Y junctions
Mean (freq.)
Standard Deviation
Median (freq.)
Interquartile Range

q0
7.5
2.8
7.5
2.4

2*q0
8.0
2.0
8.0
2.4

26

3.1.4 A Distribution of Megaripples in Lut Desert, Iran
Finally, I examined the distribution of the measured length of the megaripples. In
this region of the Lut Desert, fluvial and biological effects are minimized, allowing the
aeolian processes behind the megaripples themselves to show through.
See Sec. 3.2.2 for an analysis of these results.

Figure 3.2 The lengths of gravel ripples measured in a particular area of the Lut Desert,
Iran. Each relative peak indicated is near an integer multiple of the ripple length at the
first peak.

3.2 Discussion
3.2.1 Parameters of Nishimori’s Model
If Y junctions are taken as a measure of frustration, the results from Sec. 3.1.1 and
3.1.2 indicate that parameter b correlates strongly with frustration while parameter q
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correlates at most weakly with frustration. This could have implications for emergent
patterns in extraterrestrial environments.
Parameter q, for instance, is a function of gravitational acceleration on the
particles, particle mass, and the force of wind on the particles. These results appear to
indicate that so long as creep or other forces do not frustrate the pattern, it is plausible
that similar aeolian formations would form in the particulate matter on other planets,
moons, or comets if any saltation occurs, even over extended periods of times. The
necessary criterion of emergence in particulate matter, then, is not that aeolian forces are
as strong as on Earth, but that they are the dominant force.
Parameter b, on the other hand, describes the conditions that could frustrate the
emergent patterns, even on an otherwise smooth and undisturbed surface of particulate
matter. This unexpected frustration occurs when the velocity of the wind differs greatly
as a function of height. If the viscosity of a certain atmosphere is very different than that
of Earth, for example, the flow patterns may be different enough that ripple patterns
wouldn’t form. Thus, great consideration should be given to the aerodynamic properties
of other atmospheres, especially boundary layer conditions, when considering their
aeolian processes.

3.2.2 Emergent Patterns of Megaripples
3.2.2.1 The Relative Peaks
Four small relative peaks in our data (see Fig. 3.2) occur: the main peak (~39 m)
as well as peaks at points double (~78 m), triple (~117 m), and quintuple (~195) the main
peak. While the entire distribution of lengths is heavily right-skewed, the individual
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peaks show a mostly symmetric distribution in their proximity. This overall distribution
of lengths appears to indicate that the megaripples of the Lut Desert may be a
combination of one or more ripples of a standard length. Thus, gravel ripples would be
more likely to merge than to divide. But before generalizing these conclusions, more data
should be analyzed to either corroborate or contradict these results.
3.2.2.2 Mechanism of Megaripple Formation
The exact mechanism by which the megaripples in the Lut Desert formed is
debated. Since the megaripples are formed with larger particles—a size classification
called gravel—the prevailing hypothesis is that they formed primarily due to reptation of
the larger particles [5]. Some have attributed their formation to the same processes
underlying sand ripple formation, but with particularly large particles and high wind
speeds. However, this implies that the larger particles saltate, which is difficult to justify.
Regardless of the mechanism by which they formed, any ripples of aeolian origin
can be understood using models based on similar basic principles. Thus, our results from
Nishimori’s model may have bearing on the formation of the megaripples. Given the
relatively high level of frustration in the megaripples, whether reptation or saltation is the
dominant mechanism of transport, the saltation proportionality constant appears to be
moderately high–more than that of typical sand ripples, for instance. (Compare Fig. 2.2 to
Fig. 3.2.)
Parameter b may also partially explain the difference between linear and crescentic
morphologies in sand. While the actual fluid dynamic properties of wind moving across
surfaces of loose particulate matter and large mounds is more complicated than the model
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I’ve discussed, a trend is still present: the more dependent particle movement is on initial
height, the more crescent-shaped and less continuous the ripples become.
Finally, it’s worth briefly comparing the megaripples to the Transverse Aeolian
Ridges on Mars. Statistical similarities in the spacing of the two landforms has been
found [6]. The median length of the Lut Desert megaripples, 39 m, is much smaller than
that of the martian TARs, 100 m. This could be due to a lower gravitational constant on
Mars or a larger grain size of the TARs.

3.3 Conclusion
My measurements of emergence using Nishimori’s Model gave somewhat
unexpected results: parameter b, or the saltation proportionality constant, showed strong
correlation with Y junction incidence, while parameter q, or the saltation amount, showed
little to no correlation with Y junction incidence. This implies that the frustration of
ripples across a particulate surface depend more on differential wind velocities than on
atmospheric transport constants.
For the megaripple length, the mean and standard deviation I found is 50.00 meters
and 33.3 meters, respectively. As shown in Fig. 3.2, the distribution is heavily rightskewed. Additionally, the distribution is multimodal. This may be due to a tendency of
the megaripples to combine with one another. While the Lut Desert is virtually
undisturbed by non-aeolian forces, the megaripple patterns display a moderately high
level of frustration. This could potentially be explained by a moderately high value for
parameter b.
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3.4 Future Work
Using these results, Nishimori’s model could provide insight into the properties of
remotely observed environments, such as the sand composition. Even if the atmosphere
in an environment does not necessarily form sand ripples nearly as quickly or as easily as
Earth’s would, it should still be considered as a candidate for emergent patterns due to
aeolian processes.
In the future, studies like the one on the megaripples images could be done on
images from the Transverse Aeolian Ridges (TARs) abundant on the surface of Mars.
While the origin of these ridges remains debated, certain studies have already shown
similar measurements of the wave patterns of megaripples. Other areas with gravel dunes
that could be empirically studied include the Altiplano of South America and the Qaidam
Basin of China
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Appendix
MATLAB Code
% Generate the initial matrix
L = 500; % pixelated length of one side of the image
rng(123) %random seed
D = rand(L); %generate initial matrix
imagesc(D);
colormap(gray);
axis('equal')
pause(1.0);
q = 0.04; %base saltation height
l = 5; %base saltation distance
b = 1; %proportion for additional saltation
thet = pi/2; %saltation angle, relative to x
d = 0.05; %relaxation factor for surface creep
c = 0.1; %optional, height parameter (using tanh)
tmax = 500; %number of steps
t = 0; %initialize time
while t < tmax
T = D; %T saves the matrix Temporarily while working on it
for j = 1:L
for i = 1:L
%x saltation destination
x = mod(i+round((l+b*T(i,j))*cos(thet))-1,L)+1;
%y saltaion destination
y = mod(j+round((l+b*T(i,j))*sin(thet))-1,L)+1;
D(x,y) = D(x,y)+q; %saltate onto
D(i,j) = D(i,j)-q; %saltate from
end
end
for j = 1:L
for i = 1:L
%Define nearest neighbours as n
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%and make up each difference
n(1) = D(mod(i,L)+1,j); %height of nearest neighbours
D(mod(i,L)+1,j) = n(1)+d*0.1666667*(D(i,j)-n(1));
n(2) = D(mod(i-2,L)+1,j);
D(mod(i-2,L)+1,j) = n(2)+d/6*(D(i,j)-n(2));
n(3) = D(i,mod(j,L)+1);
D(i,mod(j,L)+1) = n(3)+d/6*(D(i,j)-n(3));
n(4) = D(i,mod(j-2,L)+1);
D(i,mod(j-2,L)+1) = n(4)+d/6*(D(i,j)-n(4));
%Define next-nearest neighbours as nn
%and then make up each difference
nn(1) = D(mod(i,L)+1,mod(j,L)+1);
D(mod(i,L)+1,mod(j,L)+1) = nn(1)+d/12*(D(i,j)-nn(1));
nn(2) = D(mod(i-2,L)+1,mod(j-2,L)+1);
D(mod(i-2,L)+1,mod(j-2,L)+1) = nn(2)+d/12*(D(i,j)-nn(2));
nn(3) = D(mod(i-2,L)+1,mod(j,L)+1);
D(mod(i-2,L)+1,mod(j,L)+1) = nn(3)+d/12*(D(i,j)-nn(2));
nn(4) = D(mod(i,L)+1,mod(j-2,L)+1);
D(mod(i,L)+1,mod(j-2,L)+1) = nn(4)+d/12*(D(i,j)-nn(1));
%surface creep due to gravity
D(i,j) = D(i,j)+d*(0.1666667*sum(n)+1/12*sum(nn)-D(i,j));
end
end
imagesc(D);
axis('equal')
pause(0.01);
t = t+1;
end
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